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Abstract 


Surface  pressure  distributions  and  turbulent  boundary  layer  velocity  profiles  have  been 
measured  on  a  tangent-ogive  cylinder  model  at  small  angles  of  attack  (0-4.5°)  In  a  high 
Reynolds  number,  Mach  3  airflow.  The  model  wall  temperature  was  approximately  adiabatic. 

The  measurements  were  made  using  pointed,  tangent -hemisphere  and  flat-faced  nose  tips.  The 
effects  of  tip  blunting  on  the  wind-  and  leeslde  velocity  profiles,  Integral  thicknesses, 
shape  factor,  power  law  exponent,  skin  friction  coefficient  and  wake  strength  parameter  are 
presented.  It  Is  shown  that  the  results  obtained  using  different  geometry  tips  can  be  corre 
lated  using  a  bluntness  length-scale  obtained  by  integration  of  the  local  tip  surface  angle 


from  the  stagnation  point  to  the  point  corresponding  to  shock  detachment. 


bluntness  length  scale  (eqn.  1) 
skin  friction  coefficient 
cylinder  diameter  (Fig.  1) 
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Introduction 


One  of  the  fundamental  objectives  of  current  computational  fluid  dynamics  research  Is  to 
predict  the  forces  and  moments  on  bodies  In  high-speed  flows.  An  Important  class  of  flows  Is 
that  over  axlsymmetric  bodies,  such  as  projectiles.  A  review  of  present  capabilities  in  this 
area  together  with  a  bibliography  of  the  recent  experimental  and  numerical  work  has  been  com¬ 
piled  by  Sturek.^  The  reader  Is  referred  to  It  for  details.  In  summary,  It  is  clear  that, 
although  many  parameters  important  to  designers  can  now  be  calculated  with  acceptable  accuracy 
(at  least  for  simple  geometries  at  small  a  ),  much  remains  to  be  done,  particularly  with 
respect  to  modelling  the  three-dimensional  (3-D)  turbulent  boundary  layer  development. 

Accurate  prediction  of  the  3-D  boundary  layer  is  essential  for  spin-stabilized  bodies 
where  the  interaction  of  the  surface  spin  with  the  crossflow  produces  assymmetrles  In  the 
boundary  layer  which  generate  a  sldeforce  (the  Magnus  force)  whose  net  value  is  the  sum  of 
relatively  small  pressure  and  shearing  forces  (of  different  sign).  Since  both  components 
originate  in  the  viscous  region,  satisfactory  predictions  of  the  Magnus  force  require  very 
accurate  modelling  of  the  boundary  layer.  To  evaluate  numerical  simulation  methods,  and  to 
understand  flow  phenomena  better,  detailed  experimental  data  are  needed,  both  for  spinning 
bodies  and  for  the  baseline  case  of  zero  spin. 

The  data  base  generated  over  the  past  decade  Includes  overall  aerodynamic  coefficients 
obtained  from  firing  tests  and  also  detailed  flow  field  measurements  made  in  wind  tunnels.  A 

large  fraction  of  the  wind  tunnel  studies  has  used  tangent -ogive2  6  and  secant-ogive7  **  cyl- 

5,8-11  2, 4, 7, 9 

inder  models,  with  and  without  conical  boat-tails.  Both  spinning  and  station¬ 

ary  models  have  been  tested.  Other  than  the  tests  of  references  10  and  11  which  were  made  at 
M^  »  0.97  and  0.94  respectively,  most  of  the  work  is  in  the  supersonic  regime  (2  i  S  4). 

The  published  data  are  primarily  mean  flow  measurements  and  Include  ,  profiles  of  P^ 
and  u/Ue  versus  y  ,  and  Cf  .  Other  than  references  6,  10  and  11,  in  which  tangent-hemi¬ 
sphere  and  flat  nose  tips  were  used,  all  of  the  tips  tested  were  pointed.  Except  in  the  work 
of  references  2-4,  where  the  tip  was  pointed  but  its  angle  was  large  enough  to  cause  shock 
detachment  (although  the  region  of  mixed  flow  was  very  small),  the  shocks  were  all  attached. 

In  practice,  projectile  nose  tips  are  generally  blunt  and  the  shock  wave  Is  detached. 

12 

There  is  some  evidence  that  this  may  Increase  the  Magnus  force.  Although  the  Influence  of 
tip  bluntness  on  transition  has  been  studied  extensively  (i.e.,  31  references,  Including  4 
review  papers,  are  cited  In  the  recent  work  of  Stetson*^),  the  effects  on  the  subsequent  tur¬ 
bulent  boundary  layer  are  less  well  documented.  In  the  current  study,  surface  pressures  and 
boundary  layer  velocity  profiles  have  been  measured  on  pointed  and  blunted  tangent-ogive  cyl¬ 
inder  models  in  a  high  Reynolds  number,  Mach  3  airflow.  The  primary  objective  was  to  investi¬ 
gate  the  influences  of  tip  blunting  on  the  boundary  layer  properties  and  provide  detailed 


data  for  comparison  with  numerical  work  being  carried  out  at  the  U.S.  Army  Ballistics  Research 
Laboratory.  A  description  of  the  experiment  and  the  results  are  given  In  this  paper.  In  a 
follow-up  paper,  the  numerical  method  and  comparisons  with  experiment  will  be  presented. 


2.  Experimental  Methods. 

2.1  Wind  Tunnel. 

The  experiments  were  carried  out  in  the  Princeton  University  20cm.  x  20cm.  supersonic, 

high  Reynolds  number,  blowdown  tunnel.  At  the  test  station,  the  nominal  value  of  M  was 

00 

5  -2 

2.95.  For  all  tests,  the  settling  chamber  conditions  were  Po  -  6.8  x  10  Nm  ±  1\  and 

To  »  265K  ±  5%  respectively,  giving  a  nominal  test  section  Re  •  6.3  x  107m  \  The  model 

00 

wall  temperature  was  within  3%  of  the  adiabatic  value. 

2.2  Models. 

A  sketch  of  the  model  and  coordinate  system  Is  shown  In  Figure  1.  Two  models  were  built 
because  there  was  insufficient  Internal  space  to  Instrument  both  the  cylinder  and  the  ogive- 
tip  section  on  a  single  model.  Model  1  had  the  ogive  soldered  to  the  cylinder  and  could  be 
fitted  with  pointed,  flat-faced  and  tangent -hemisphere  nose  tips.  The  tip  details  and  their 
designations  are  also  given  In  Figure  1.  Only  the  cylinder  was  instrumented  with  pressure 
tappings  and  had  seven  streamwise  rows  of  20  tappings  each  at  the  circumferential  stations 
<t  »  0”,  30°,  60°,  90°,  120°,  150°  and  180°.  The  wall  temperature  was  monitored  using  3 
chromel-alumel  thermocouples  Installed  In  the  cylinder. 

Model  2  had  separate  cylindrical,  ogive,  and  tip  sections  (P,R3  and  F3  only)  which  could 
be  fitted  together  using  internal  cylindrical  guides  and  set-screws.  The  ogive  and  tips  F3 
and  R3  were  each  Instrumented  with  two  streamwise  rows  of  tappings  180°  apart.  Because  of 
internal  space  constraints,  tip  P  was  not  instrumented.  By  aligning  the  tap  rows  on  the 
ogive  and  the  tip  and  then  rotating  the  assembly  relative  to  the  cylinder,  pressure  distribu¬ 
tions  along  opposing  <t  pairs  (0°  -  180°,  30°  -  210°,  etc.)  were  obtained. 

Both  models  were  secured  in  the  tunnel  using  an  axial  sting  downstream  of  the  cylinder. 

A  ball  joint  adapter,  restricting  motion  to  the  vertical  plane  only,  permitted  angle  of 
attack  settings  In  the  range  -4.5°  S  a  £  4.5°  . 

2.3  Angle  of  Attack. 

The  position  a  •  0°  was  set  Iteratively.  Several  runs  were  made  and  a  was  adjusted 

until  pressure  distributions  along  the  rows  t  =*  0°,  90°,  and  180°  were  within  il%  of  each 

other.  Inviscid  calculations  of  P  along  $  ■  0°  and  180°  indicated  that  a  *1%  varia- 

w 

tion  corresponds  to  an  accuracy  in  a  of  ±0.2°.  Other  values  of  o  were  then  set  by  displac¬ 
ing  the  tip  a  pre-computed  distance.  The  additional  error  in  doing  so  is  estimated  to  be 


±0.05*.  Prior  to  a  run,  the  cross-wires  of  a  telescopic  sight  were  focused  on  the  model  tip. 
Vibration  was  observed  on  startup  (and  at  shutdown),  but  during  the  test  the  model  was  steady 
at  the  same  position  as  before  startup. 


2.4  Measurements  and  Data  Documentation, 

The  model  configurations  for  which  wall  pressure  distributions  and  pitot  pressure  surveys 

-2 

were  obtained  are  listed  in  Tables  1  and  2  respectively.  The  data,  in  the  form  P  (Nra  )  and 

-2  W 
P  /P  vs.  X/D  and  P  (Nm  )  and  u(m/s)  vs.  y(m)  are  available  in  hard  copy  form  or  on 

W  00  t 

a  9  track,  1600  bpi  magnetic  tape.  Copies  of  both  can  be  obtained  from  the  first  author. 

The  locations  X/D  »  3.26,  5.05  and  6.33  at  which  the  pitot  surveys  were  made  are  referred 
to  as  stations  1,  2  and  3  respectively  in  the  remainder  of  the  text.  Note  that  for  the  blunt 
tip  models  X/D  is  measured  relative  to  the  virtual  (pointed)  origin  (Fig.  1). 

The  pitot  probe  tip  was  made  of  flattened  tubing  and  had  a  height  of  0.18mm  (0.007"). 

Data  taken  less  than  1^  probe  heights  above  the  wall  were  judged  to  be  within  the  probe  inter¬ 
ference  zone  and  were  discarded.  Velocity  profiles  were  obtained  from  the  pitot  profiles 

assuming  that:  a)  P(y)  «*  P  ,  b)  T  (y)  «  T  ll  ♦  0.05(l-y/6)  1 .  A*  lmptlcn  a)  was  verified 

w  oo 

oo 

TABLE  1 


Configuration 

Pressure  Distributions 

ct° 

Model  1 

All  Tips 

Cylinder  Body 

0,2.9 

0  to  180  (30) 

Model  2 

Tip  P 

Ogive 

0,1,2 

2.9 

4.45 

0  and  180 

0  to  180  (30) 

0  and  180 

Model  2 

Tip  R3 

Ogive  and  Tip 

0,1,2 

2.9 

4.45 

0  and  180 

0  to  180  (30) 
0,30,60,120,150,180 

Model  2 

Tip  F3 

Ogive  and  Tip 

0 

1.5, 2. 9 
4.45 

0  and  180 

0  to  180  (30) 
0,30,150,180 

Model  1,  All  Tips  0  and  2.9  0  and  180  3.26,  5,05,  6.33 


experimentally.  Static  pressure  surveys  at  stations  1  and  2  using  tip  F3  showed  that  the 
maximum  variation  was  ±2%. 

The  velocity  profiles  were  analyzed  using  a  boundary  layer  code  developed  originally  by 
Sun  and  Childs.1^  It  uses  an  iterative  technique  to  fit  the  data  to  the  combined  "law  of  the 
wall  -  law  of  the  wake".  The  wall-wake  parameters  are  varied  until  t‘.  »  deviation  of  the  data 
from  the  combined  law  are  minimized.  In  all  cases,  good  fits  were  obtained.  The  values  of 
6,  <5*,  0,  H,  and  A  given  below  are  from  this  code.  The  overall  accuracy  of  6  , 

0  ,  C  and  A  is  estimated  to  be  better  than  ±10%. 

3.  Discussion  of  Results. 

3.1  Wall  Pressures. 

As  indicated  in  Table  2,  boundary  layer  surveys  were  made  along  <t>  *»  0°  and  180°  for 
a  »  0°  and  2.9°.  The  streamwise  pressure  distributions  in  which  these  profiles  develop  are 
shown  in  Figure  2.  Each  data  band  Includes  results  for  the  7  tips  and  has  a  variation  of 
about  ±1.5%  about  the  mean  value.  No  systematic  effects  of  blunting  are  detectable  within 
each  band. 

Pressure  distributions  on  the  ogive  (for  tips  R3  and  F3)  at  a  »  0°  are  shown  in  Figure 
3.  For  clarity,  the  data  points  near  the  tip  are  connected  by  straight  lines.  The  exact 
positions  of  tips  R3  and  F3  are  X/D  -  0.309  and  0.404  respectively.  The  tap  positions  on 
the  tips  are  shown  in  the  inset  sketches.  By  X/D  =  0.5,  the  distributions  for  the  two  cases 
are  essentially  coincident.  Thus,  the  influence  of  blunting  is  confined  to  the  tip  Itself 
and  to  a  very  short  region  downstream  of  the  junction  with  the  ogive.  Data  for  tip  P  (which 
could  not  be  obtained  further  upstream  than  X/D  »  1.5)  are  also  shown  in  Figure  3.  Agreement 
between  the  3  data  sets  is  good. 

The  pressures  at  taps  1'  and  1  on  tips  R3  and  F3  respectively  are  within  1%  of  P  . 

C2 

For  F3,  P  =  P  over  most  of  the  face,  but  in  the  strong  expansion  around  the  tip  corner 
2 

decreases  below  P^.  The  subsequent  recovery  to  the  "ogive"  value  occurs  through  a  conical 
recompression  shock  wave  (Fig.  4a).  Here,  "ogive"  value  refers  to  the  pressure  measured 


5. 


using  dp  P.  In  studies  at  ■  2.3,  the  same  geometry  tip  was  tested  and  similar  shock  pat- 
1  12 

terns  were  reported.  ’  No  recompression  shocks  were  observed  with  the  R  series  tips.  The 
shock  pattern  obtained  for  R3  (Fig.  4b)  is  typical  of  the  3  cases  tested  (note:  the  weak 
compression  indicated  by  the  arrow  is  caused  by  a  very  small  step,  5ym  high,  where  the  tip 
and  ogive  sections  join). 

Distributions  for  tips  F3  and  P  at  a  •  2.9°  are  shown  in  Figure  5.  For  clarity,  data 

for  R3  are  not  shown.  Except  on  the  tip  itself,  they  agree  well  with  the  results  for  F3  and 

P.  With  F3,  the  windside  recompression  shock  moves  upstream  and  increases  in  strength, 

whereas  the  opposite  occurs  on  the  leeside.  The  shadow  photograph  confirms  this  (Fig.  4c). 

For  R3,  a  series  of  interior  shocks  occurs  on  the  ogive  windside  (Fig.  4d).  They  are  very 

weak  and  have  no  measurable  effect  on  P  .  Similar  patterns  were  seen  with  tips  FI  and  R2. 

u 

It  has  been  suggested  that  these  waves  result  from  the  reflection  of  expansion  waves  (down* 

stream  of  the  sonic  point)  from  the  bow  shock  and  sonic  line  which  are  then  reflected  from 
16 

the  body.  The  fact  that  this  process  would  be  highly  geometry  dependent  is  a  plausible 

explanation  of  why  it  can  appear  and  then  disappear  with  small  changes  in  tip  shape. 

Summarizing,  P  recovers  rapidly  to  the  "ogive"  value,  even  with  significant  blunting, 
w 

X  ,  the  distance  for  completion  of  entropy  wake  effects  on  the  pressure  distribution,  is 
ew 

small.  For  the  cases  tested  here,  X  / D  £  ,0.7.  In  the  absolute  sense,  the  different  growth 

ew 

* 

rates  of  6  generated  by  different  tips  will  cause  small  differences  in  P^  along  the 
body.  The  differences  are  well  within  the  normal  range  of  experimental  scatter  and, 
consequently,  are  not  detectable. 

3.2  Boundary  Layer  Properties. 

3.2.1  a  =  0°. 

It  is  well  known  that  tip  bluntness  and  a  influence  the  transition  location.*7  In 
this  study,  the  latter  was  deduced  from  shadow  photographs  and  is,  therefore,  only  qualitative 
and  indicative  of  general  trends.  For  tip  P,  (S/D)  ,  0.9  -  1.5.  With  the  R  series  tips, 

the  higher  entropy,  lower  Mach  number  fluid  adjacent  to  the  surface  delays  transition.  In 
contrast,  transition  for  the  F  series  tips  occurs  earlier  than  with  tip  P  and  is  in  the  range 
_  0.7  2  (S/D)  £  ,1.1  .  The  reason  for  this  is  not  entirely  clear,  but  it  is  possible  that 

the  recorapression  shock  wave  acts  as  a  "trip"  which  overcomes  the  delaying  influence  of  the 
higher  entropy,  lower  Mach  number  fluid  generated  by  the  bow  shock. 

Velocity  profiles  are  shown  in  Figure  6.  For  clarity,  only  four  profiles  are  shown  at 
each  station,  y  and  u  are  normalized  by  D  and  U  respectively,  rather  than  6  and  U 

ao  e 

in  order  to  highlight  the  effects  on  the  profile  shape  and  thickness.  At  all  stations, 
blunting  retards  the  profile  and  increases  its  thickness.  The  latter  is  caused  mainly  by  the 
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progressively  larger  entropy  wake  associated  with  increased  blunting  and  not  from  growth  of 

the  boundary  layer  proper.  Although  y  is  difficult  to  define  precisely  for  tips  R3  and 

e 

F3,  the  region  where  the  boundary  layer  profile  turns  upward  and  merges  with  the  entropy  wake 
is  discernible. 

Values  of  n  obtained  from  least-squares  curve  fits  to  the  power  law  approximation 
u  f'y^l/n 

—  ■  are  shown  versus  Re^  in  Figure  7a.  The  hatched  band  brackets  data  for  about  80 

e 
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profiles  from  four  different  zero-pressure-gradient  studies.  The  expansion  over  the  ogive 
generates  fairly  full  profiles  at  station  1  (n  =  5.9  -  6.9).  Over  the  upstream  section  of 
the  cylinder  dP/dx  is  positive  and  decreases  n  to  the  range  5.6  -  6.0,  then  as  dP/dx  -+•  0 
with  increasing  X/D,  n  Increases.  The  distance  required  for  n  to  recover  to  values 
within  the  hatched  band  is  a  strong  function  of  tip  bluntness.  For  P  and  R1  ,  the  recovery 
is  complete  by  station  3.  For  R3,  linear  extrapolation  indicates  recovery  at  X/D  ~  20-30, 
whereas  for  F3  the  recovery  has  not  even  begun  by  station  3. 

The  influence  of  different  tips  on  n  (and  on  other  profile  and  integral  parameters)  can 
be  correlated  when  plotted  in  terms  of  a  bluntness  length,  B,  given  by 


B  =  /  6  ds 
‘  0  s 


(see  inset,  Figure  7b) 


At  a  =  0  ,  the  values  of  B(ln  mm.)  are  given  in  Table  3.  It  is  seen  that,  in  terms  of  in¬ 
creasing  B  ,  the  different  geometry  tips  occur  in  alternate  order.  Figure  7b  shows  n  as  a 
function  of  B/D.  By  station  3  there  is  a  consistent  trend  of  decreasing  n  with  increasing 
B/D.  Viewed  simply,  this  reflects  the  "shorter  history"  caused  by  the  Reynolds  number  reduc¬ 
tion  which  occurs  with  increased  blunting. 


The  additional  pressure  drag,  Dp^,  due  to  tip  bluntness,  can  also  be  used  as  a  correlating 

parameter.  Both  Dpfc  and  B  give  similar  data  correlations.6  The  utility  of  B  is  that  it 

can  be  calculated  easily,  given  the  tip  geometry  and  M  . 

★ 

The  development  of  6  and  0  is  shown  in  Figure  8.  For  clarity  in  this  and  subsequent 
figures,  the  data  points  are  joined  by  straight  lines.  Values  of  H  and  A  are  given  in 
Table  3.  At  any  station,  H  is  approximately  constant  up  to  a  critical  value  of  blunting,  B 

c 

and  then  decreases.  B  increases  with  X/D,  reflecting  the  progressive  dissipation  of 
c 

entropy  wake  effects.  At  station  3,  only  the  bluntest  tips  (R3  and  F3)  influence  H. 

★ 

Although  H  is  approximately  constant  for  B  <  B  ,  6  and  0  are  influenced  signifl- 

c 

cantly  by  small  amounts  of  blunting.  Their  detailed  behavior  with  B  is  complex  and  depends 

on  X/D.  However,  with  increasing  X/D  a  consistent  trend  emerges.  As  shown  in  Figures  9a  and 

★ 

9b,  by  station  3  (X/D  «  6.33),  both  6  and  0  increase  with  increasing  B/D. 


TABLE  3 


B(mm) 

TIP 

H 

A 

St.l 

St. 2 

St. 3 

St.l 

St. 2 

St. 3 

0 

P 

5.26 

5.21 

5.08 

0.55 

0.77 

0.57 

1.34 

R1 

5.38 

5.26 

5.07 

0.67 

0.85 

0.60 

1.99 

FI 

5.39 

5.22 

5.08 

0.57 

0.78 

0.71 

3.33 

R2 

5.16 

5.13 

5.09 

0.66 

0.82 

0.76 

4.99 

F2 

5.11 

5.11 

5.06 

0.79 

0.98 

0.89 

6.58 

R3 

4.51 

4.72 

4.80 

0.61 

0.92 

0.88 

9.97 

F3 

4.05 

4.16 

4.43 

0.51 

0.82 

0.98 

as  a  function  of  X/D  is  shown  in  Figure  10a.  At  any  station,  blunting  initially  de¬ 
creases  C^,  but  beyond  a  certain  value  it  increases.  At  the  upstream  stations,  only  tips  R3 
and-  F3  generate  values  greater  than  that  for  tip  P.  The  results  at  station  3  are  qualitative¬ 
ly  similar,  but  the  increase  after  the  initial  decrease  is  much  smaller  so  that  for  all 
blunt  tips  is  below,  but  within  10%,  of  the  value  for  P.  Further,  other  than  for  R3  at  station 

I  and  F3  at  stations  1  and  2,  the  data  correlate  reasonably  well  with  Re^  (Fig.  10b).  The 

weak  adverse  pressure  gradient  causes  to  fall  below  the  zero-pressure-gradient  Van  Driest 
19 

II  prediction,  shown  by  the  solid  line,  but  the  discrepancy  is  typically  less  than  10%. 

A  is  strongly  influenced  by  tip  blunting  (Table  3).  In  all  cases,  the  adverse  pressure 
gradient  causes  an  increase  from  stations  1  to  2.  Except  for  F3,  A  then  decreases  as  the 
pressure  gradient  relaxes.  Small  amounts  of  blunting  have  a  significant  effect  on  A,  even 
6  calibers  from  the  tip.  At  this  station,  only  tips  P  and  R1  have  values  of  A  within 
the  accepted  range  for  zero-pressure-gradient  turbulent  boundary  layers.  With  increased 
blunting,  A  increases  and,  as  shown  in  Figure  9c,  correlates  reasonably  well  with  B/D. 

In  summary,  the  effects  of  tip  bluntness  on  the  inner  part  of  the  profile  (as  reflected 
in  Cf)  dissipate  in  a  fairly  short  streamwise  distance  from  the  tip.  The  effects  on  the 
outer  region,  which  are  much  more  directly  affected  by  the  entropy  wake,  require  signifi¬ 
cantly  larger  distances. 

3.2.2  a  -  2.9° 

6  and  ©  along  »  0°  and  180°  are  plotted  in  Figures  11  and  12  respectively.  On 
the  leeside,  the  combination  of  the  stronger  adverse  dP/dx  and  the  crossflow  Increases  the 
magnitudes  and  growth  rates  of  both  quantities  by  a  factor  of  2  or  more  over  their  values  at 
o  •  0°  .  On  the  windside,  both  the  absolute  values  and  growth  rates  are  lower.  On  the 
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leesi.de  Che  effects  of  blunting  are  the  same  at  all  stations,  whereas  on  the  wlndslde  the 

effects  depend  on  position.  H  versus  B/D  is  shown  in  Figure  13.  The  effects  of  blunting 

are  greater  on  the  leeside.  The  wlndslde  trends  are  the  same  as  at  a  **  0°,  except  that  the 

weaker  dP/dx  results  in  a  more  rapid  dissipation  of  entropy  wake  effects.  At  station  1, 

only  the  bluntest  tips  (R3  and  F3)  influence  H.  By  station  3,  H  for  all  7  tips  is  within 

2%  of  the  mean  value  and  the  trend  of  decreasing  H  for  B  >  B  is  barely  detectable.  The 

c 

opposite  is  true  on  the  leeside.  At  station  1,  even  tips  R1  and  FI  noticeably  influence  H. 

B  does  increase  with  X/D  ,  but  less  rapidly  than  on  the  wlndslde  or  at  a  ■  0°. 
c 

n  versus  Re  is  shown  in  Figure  14a.  The  zero  pressure  gradient  data  band  is  again 
b 

shown  for  comparison.  On  the  wlndslde,  the  weak  adverse  dP/dx  and  favorable  dP/d$  Induce 

crossflow  away  from  $  -  0°,  generating  full  profiles.  Since  d0/dx  is  small  (Fig.  12), 

this  causes  large  values  of  n  at  low  values  of  Re  .  In  contrast,  on  the  leeside,  the 

0 

stronger  adverse  dP/dx  between  stations  1  and  2  retards  the  profiles.  This  decreases  n 

but  increases  0  and  d6/dx.  Thus,  by  station  2,  all  profiles  have  low  values  of  n  but 

high  values  of  Re  .  As  dP/dx  relaxes,  the  expected  trend  of  increasing  n  with  increasing 
0 

Re  is  seen  in  all  cases. 

0 

on  the  wind-  and  leesides  is  shown  in  Figures  14b  and  14c  respectively.  At  a  given 

station  and  with  a  given  tip,  the  stronger  adverse  dP/dx  along  4>  «  180°  results  in  lower 

values  of  Cf  than  along  (J)  -  0°.  For  all  tips,  decreases  with  X/D,  more  rapidly  on  the 

leeside  than  wlndslde.  Downstream  of  station  1,  which  is  affected  by  expansion  over  the 

ogive,  the  data  correlate  reasonably  well  with  Re  .  On  the  wlndslde,  where  dP/dx  is  only 

0 

mildly  adverse,  the  agreement  with  the  zero-pressure-gradlent  Van  Driest  II  prediction  is 
good.  On  the  leeside,  the  stronger  adverse  dP/dx  results  in  values  about  20%  below  the 
prediction. 

In  general,  at  a  given  station,  Increases  with  increased  blunting.  On  the  wlndslde, 
the  influence  of  blunting  dissipates  rapidly.  At  station  1,  for  tips  P,  Rl,  FI,  R2  and  F2 
is  within  4%  of  the  mean  value.  Tips  R3  and  F3  are  11%  and  21%  respectively  above  the  mean. 
By  station  2,  for  all  tips  is  within  3%  of  the  mean  value  and  no  systematic  Influence  of 
B  is  detectable.  In  contrast,  on  the  leeside,  the  range  of  at  a  given  station  increases 
with  X/D  .  At  station  1,  for  P,  Rl,  FI,  R2  and  F2  are  all  within  1%  of  the  mean  value, 
with  R3  and  F3  20%  and  28%  respectively  above  the  mean.  However,  at  station  3,  Cf 
decreases  from  0.00107  to  .00092  as  B/D  Increases  from  0  to  0.1  then  increases  to  0.00131 
as  B/D  Increases  to  its  maximum. 

A  versus  B/D  is  shown  in  Figure  15.  For  a  given  tip  (except  F3),  the  wlndslde  values 
of  A  decrease  with  X/D.  At  station  3  (where  dP/dx  Z  0),  A  is  in  the  range  0.22-0.34, 
substantially  below  the  a  “  0°  case  (Table  3).  On  the  leeside,  A  increases  by  a  factor 
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of  2  or  more  from  station  1  to  2  but  between  stations  2  and  3  typically  changes  less  than  5%. 
The  trend  with  B  is  consistent  from  station  to  station;  intermediate  values  of  B  Increase 
A  ,  but  a  large  amount  of  blunting  decreases  it  to  the  pointed  value. 

Overall,  the  effects  of  small  a  on  the  wind-  and  leeside  boundary  layers  are  quallta- 
tlvely  similar  for  all  tips.  However,  as  B  increases,  the  detailed  behavior  of  a  given 
parameter  at  a  fixed  station  is  generally  complex,  particularly  at  the  upstream  stations 
where  the  combined  Influences  of  the  different  starting  conditions,  transition  location,  and 
the  external  entropy  wake  interact  strongly. 


I 
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4.  Concluding  Remarks 

An  experimental  study  has  been  made  of  the  effects  of  nose  tip  blunting  on  the  surface 
pressure  distribution  and  the  wind-  and  leeside  boundary  layer  development  on  a  tangent-ogive 
cylinder  model.  The  tests  were  made  at  small  angles  of  attack  (0  -  4.5°)  in  a  high  Reynolds 
number,  Mach  3  airflow  under  approximately  adiabatic  wall  temperature  conditions.  Models  with 
pointed,  tangent -hemisphere  and  flat-faced  nose  tips  were  tested.  The  results  show  that: 

(i)  The  distance  for  completion  of  entropy  wake  effects  on  the  surface  pressure 
distributions  is  small.  Even  with  significant  tip  blunting,  the  effects  are  confined  to  the 
tip  itself  and  a  short  region  downstream  of  the  Junction  with  the  ogive. 

(ii)  The  bow  shock  generated  by  a  blunt  tip  not  only  creates  an  entropy  wake  but  also 
affects  both  the  initial  conditions  for  boundary  layer  growth  and  transition.  Hence,  tip 
bluntness  has  a  strong  influence  on  the  development  of  all  boundary  layer  properties.  Since 
each  of  these  properties  has  a  different  sensitivity  to  tip  blunting,  the  streamwise  station 
at  which  the  effects  of  blunting  can  be  considered  complete  is  a  function  of  the  particular 
property  selected. 

(iii)  The  effects  of  different  tip  shapes  can  be  correlated  in  terms  of  a  bluntness 
length  B  .  B  is  obtained  by  integrating  the  local  tip  surface  angle  from  the  stagnation 
point  to  the  point  corresponding  to  shock  wave  detachment.  At  stations  close  to  the  ogive 
shoulder,  the  interaction  of  the  three  factors  given  above  generally  results  in  a  complex 
relationship  between  any  property  and  B.  Further  downstream,  simpler  trends  with  B  are 
observed  and  good  correlations  can  be  obtained. 

(iv)  The  effects  of  angle  of  attack  are  qualitatively  similar  for  all  tips.  In  general, 
entropy  wake  effects  dissipate  more  rapidly  in  the  near-zero  pressure  gradient  on  the  wlndslde 
than  on  the  leeside,  which  has  a  stronger  adverse  pressure  gradient.  The  effects  of  different 
tip  shapes  can  also  be  correlated  as  a  function  of  B  . 
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